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[1] As the Galápagos hot spot is approached from the west along the Galápagos Spreading Center there are
systematic increases in crustal thickness and in the K/Ti, Nb/Zr, 3He/4He, H2O, and Na2O content of lavas
recovered from the spreading axis. These increases correlate with progressive transitions from rift valley to
axial high morphology along with decreases in average swell depth, residual mantle Bouguer gravity
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anomaly, magma chamber depth, average lava Mg #, Ca/Al ratio, and the frequency of point-fed versus
fissure-fed volcanism. Magma chamber depth and axial morphology display a ‘‘threshold’’ effect in which
small changes in magma supply result in large changes in these variables. These correlated variations in
geophysical, geochemical, and volcanological manifestations of plume-ridge interaction along the western
Galápagos Spreading Center reflect the combined effects of changes in mantle temperature and source
composition on melt generation processes, and the consequences of these variations on magma supply, axial
thermal structure, basalt chemistry, and styles of volcanism.
Components: 6355 words, 4 figures, 1 table.
Keywords: Mantle plumes; mid-ocean ridges; hotspots.
Index Terms: 8121 Tectonophysics: Dynamics, convection currents and mantle plumes; 7220 Seismology: Oceanic crust;
7218 Seismology: Lithosphere and upper mantle.
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Guest Editor: David Graham

1. Introduction

2. G-PRIME Experiment

[2] A significant portion of the global mid-ocean
ridge system is influenced by mantle plumes
[Schilling, 1991; Ito and Lin, 1995a]. Characterizing the distinctive gradients in geophysical and
geochemical anomalies along plume-influenced
ridges can help elucidate mantle processes such
as mantle flow, source mixing, decompression
melting, and melt migration in ways that are not
possible along more ‘‘normal’’ ridge systems. Hot
spot-related variations in magma production rates
at a more or less constant spreading rate can also be
used to examine the influence of magma supply on
a wide range of crustal accretion processes, including the formation of axial topography, magma
chamber properties, and style of volcanism. In this
report we describe results from a combined geophysical and petrological investigation of an 800km-long section of the hot spot-influenced western
Galápagos Spreading Center (GSC) that provides
new insight into the effects of changes in mantle
temperature and source composition on melt generation processes and the consequences of these
variations on crustal accretion processes.

[ 3] The east-west striking GSC separates the
Cocos and Nazca plates in the eastern equatorial
Pacific (Figure 1). The GSC is an intermediate
spreading-rate ridge with full opening rates increasing from 45 mm/yr at 98°W to 56 mm/yr at
91°W [DeMets et al., 1990]. At 91°W the GSC lies
200 km north of the Galápagos Archipelago, the
western end of which marks the probable center of
the Galápagos mantle plume [White et al., 1993;
Toomey et al., 2001]. The proximity of the Galápagos hot spot has had a strong influence on the
GSC. This can be seen in along-axis variations in
bathymetry and gravity [Ito and Lin, 1995b], axial
morphology [Canales et al., 1997], in the chemical
and isotopic composition of GSC basalts [Schilling
et al., 1976, 1982; Fisk et al., 1982; Verma and
Schilling, 1982; Verma et al., 1983], and in the
long history of rift propagation along the GSC
[Hey, 1977; Wilson and Hey, 1995].
[4] In April –May 2000 the Galápagos PlumeRidge Interaction Multidisciplinary Experiment
(G-PRIME) conducted an extensive geophysical
2 of 14
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Figure 1. Map of the western Galápagos Spreading Center (GSC) and Galápagos swell based on integration of
available multibeam bathymetry [Canales et al., 1997; Hey et al., 1992; this study] and satellite-derived seafloor
topography data [Smith and Sandwell, 1997]. Water depths range from >3500 m (blue) to <1000 m (red). The axis of
the east-west trending, intermediate-spreading rate GSC is shown by the thin white band. At 91°W, the GSC lies
200 km north of the Galápagos Archipelago, the western end of which marks the probable center of the Galápagos
mantle plume [White et al., 1993; Toomey et al., 2001]. The Galápagos swell is apparent in a gradual shoaling of sea
floor depths along the western GSC over a distance of 800 km. The Wolf-Darwin lineament (WDL) is a volcanic
chain located on the southern flank of the GSC. Location of seismic refraction (black) and multichannel reflection
(blue) lines, and lava sampling stations (red circles) obtained on the G-PRIME expedition are shown. White box
indicates location of bathymetry map detail shown in Figure 3a.

and petrological investigation of the western GSC
between 90.5°W and 98°W (Figure 1). The first
modern multibeam bathymetry data were collected along the GSC between 90.5°W and
93.3°W, and west of 95°W, defining the location
of the spreading axis and constraining the variation in axial morphology. In order to determine
the thickness and internal structure of the crust,
1400 km of multichannel seismic reflection data
were obtained along the GSC between 91.25°W
and 95°W, and three wide-angle seismic refraction
experiments were carried out along parts of the
GSC with distinctly different axial morphologies
(rift valley, transitional morphology, and axial
high).
[5] With the tectonic and structural context provided by these geophysical surveys, rock samples
were collected at 91 stations along the GSC

between 90.5°W and 98°W, supplementing previous collections along the GSC between 83°W
and 101°W [Schilling et al., 1976, 1982] and
near 95°W [Christie and Sinton, 1981, 1986; Hey
et al., 1992], to provide comprehensive petrological, geochemical, and He, Sr, Nd, and Pb isotopic data on lava compositions. Major and
minor element abundances on these samples
presented in this paper are University of Hawaii
electron microprobe analyses of natural glasses;
Nb/Zr was determined by X-ray fluorescence on
whole rock samples at the University of Hawaii.
Forty-five individual glasses were analyzed for
dissolved H2O and CO2 by Fourier transform
spectrometer (FTIR) at the University of Miami.
Thirty-six basalt glass samples were analyzed for
3
He/4He at Oregon State University. All geochemical data presented in this paper are summarized in
Table 1.
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–
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Longitude, °W

Whole Rock Data

0.019
0.086
0.111
0.108
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0.087
0.098
0.099
0.098
0.099
0.105
0.096
0.073
0.068
0.075
0.068
0.074
0.071
0.063
0.075
0.073
0.082
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0.061
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0.052
0.060
0.061
0.051
0.030
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Nb/Zr
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a
For glass samples, station number, and type, (D)redge or Wax (C)ore shown. Samples from same station with significantly similar major element data were grouped together. H2O and 3He/4He data
were determined from one sample representative of the group. All samples from R/V Maurice Ewing cruise EW00-04 except samples 1538 – 1557 which are a reanalysis of Alvin samples collected from
95W propagating rift area by Hey et al. [1992] and dredges A6 and A13.
PR, propagating rift; DR, dying rift; NG, North Graben. MORB type based on K/Ti ratio: N, N-MORB; T, T-MORB; E, E-MORB. Mg#, atomic (Mg/Mg+Fe). Na8.0, Ca8.0/Al8.0, and H208.0 are
derived from oxide values of Na20, CaO, Al2O3 and H2O corrected to 8.0 wt. % MgO. He R/Ra, (3He/4He)/atmospheric ratio. Gas trapped in vesicles was released by in vacuo crushing, and the separated
helium was analyzed by mass spectrometry. Nb/Zr determined on whole rock samples; MORB type based on K/Ti ratios of the corresponding glass samples.

EW2D
EW3C
EW4D
EW5C
EW6D
EW7D-a
EW7D-b
EW8C
EW9D-a
EW9D-b
EW10D
EW11D-a
EW11D-b
EW12D
EW13D
EW14C
EW15D
EW16D
EW17D-a
EW17D-b
EW18D
EW19D
EW20D-a
EW20D-b
EW21D
EW22D
EW23D
EW24D
EW25D-a
EW25D-b
EW26C
EW27D
EW28D
EW29D
EW30D
EW31D

Glass label

Glass Data

Table 1. Galápagos Spreading Center: Glass and Whole Rock Dataa [The full Table 1 is available in the HTML version of the article at http://www.g-cubed.org.]
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3. Results
3.1. Swell Topography and Crustal
Thickness
[6] The Galápagos hot spot swell is apparent in
the gradual shoaling of sea floor depths along the
western GSC over a distance of 800 km
(Figure 1). Ridge axis depths along the western
GSC decrease from 3500 m at 97.7°W to
<1700 m at 91.4°W (Figure 2a). Part of this
1800 m change in axial depth is a result of a
systematic change in axial morphology. Far from
the Galápagos hot spot (west of 95°W), the GSC
is associated with a 20–40 km wide, 400–1000
m deep rift valley resembling that of the slowspreading Mid-Atlantic Ridge. Within 300 km
of the Galápagos hot spot (east of 92.7°W) the
GSC is associated with a 400–700 m axial high
typical of the fast-spreading East Pacific Rise.
These differences in axial topography can account
for a significant amount of the depth variation
observed along the western Galápagos swell.
Canales et al. [2002] found that a low-pass filter
with a cutoff wavelength of 85 km effectively
removes the short-wavelength contribution of
variations in axial topography while preserving
the longer wavelength anomaly associated with
the hot spot swell. They found that 60% of the
observed variation in axial depth along the western Galápagos swell is related to changes in axial
morphology. After correcting for these effects, the
maximum swell amplitude near 91°W is estimated to be 700 m (Figure 2a). Coinciding
with this topographic swell is a regional mantle
Bouguer anomaly (MBA) that becomes increasingly negative along the GSC toward the hot
spot, with a minimum of
70 mGal at
91.25°W (Figure 2b).
[7] Crustal thickness variations along the western
Galápagos swell are constrained by three ridgeparallel, wide-angle seismic refraction profiles at
97°W, 94.25°W, and 92°W, and by two-way Moho
reflection times observed on multichannel seismic
reflection profiles collected on ridge-parallel, offaxis profiles between 91.5°W and 95.5°W
(Figure 1). Crustal thickness along the western
GSC increases from 5.6 ± 0.2 km at 97°W to

10.1029/2002GC000350

7.9 km at 91.5°W, an increase of 2.3 km
(Figure 2c). The significant thickening of the crust
east of 94°W indicates that the primary effect of the
hot spot on melt productivity beneath the GSC is
confined to a distance less than 400 km from the
center of the hot spot.
[8] The effects of crustal thickening on the alongaxis swell and gravity anomalies can be calculated
assuming that the smoothed crustal thickness profile (best fitting polynomial function shown as
black curve in Figure 2c) is compensated by local
Airy isostasy. Assuming average water, crust, and
mantle densities of 1000 kg/m3, 2770 kg/m3, and
3300 kg/m3, respectively, Canales et al. [2002]
showed that, on average, crustal thickness variations support 50% of the swell depth anomaly
east of 94°W. After computing the gravitational
effects of the crust, Canales et al. [2002] also
found that the crust accounts for an average of
60% of the observed MBA east of 94°W. That
portion of the swell topography not explained by
crustal thickness variation is called the residual
mantle swell anomaly, or RMSA, and is shown in
Figure 3b for the most plume influenced part of the
ridge east of 94°W. The remaining gravity anomaly
is the residual MBA, or RMBA. The RMBA
becomes increasingly negative toward the east
reaching a minimum of  25 mGal at 92.25°W,
where it coincides with the largest (300 m)
RMSA (Figure 3b). Both of these anomalies occur
near the intersection of the GSC and the WolfDarwin seamount chain, rather than farther to the
east where the ridge crest is closer to the hot spot.
A secondary minimum in RMBA and peak in
RMSA occurs near 91.3°W where another small
seamount chain intersects the GSC (Figure 3b);
however, these anomalies are less well constrained
because of a lack of seismic control on crustal
thickness east of 91.5°W (Figure 2c).
[9] The negative RMBA indicates that anomalously low mantle densities are present beneath
the GSC with the lowest densities near the hot spot.
The ratio of the variation in RMBA and RMSA is
well explained by calculations that assume the
excess swell topography is isostatically compensated by mantle density variations confined to
5 of 14
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Figure 2. Geophysical, volcanological, and geochemical variations along the western GSC showing the
following: (a) depth of ridge axis (black line) and Galápagos swell (blue line); swell depth is corrected for
variations in axial topography along western GSC. (b) Mantle Bouguer anomaly (black line) and residual mantle
Bouguer anomaly (RMBA, red line; red dots where unconstrained by crustal thickness measurements). (c) Crustal
thickness along GSC from Canales et al. [2002] including estimates from ocean bottom seismic refraction
experiments (red horizontal bars) and two-way Moho reflection travel times converted to crustal thickness (dots);
black line is best fitting polynomial function to crustal thickness data. (d) Abundance of small seamounts in axial
zone of GSC determined from high-resolution multibeam bathymetry data; seamount abundance calculated in ten
minute longitude bins. (e) Mg # (100[atomic MgO/(MgO+FeO)]) for lava samples from GSC. (f ) K/Ti. (g) Nb/Zr.
In Figures 2e– 2g, blue squares denote normal mid-ocean ridge basalts (N-MORB), inverted red triangles enriched
MORB (E-MORB), and green circles transitional MORB (T-MORB). Solid symbols are samples from the GSC;
open symbols are from the 91°W fracture zone. The domains of axial morphology (rift valley, transitional, axial
high) along the GSC are shown for reference.
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Figure 3. Correlated variations in morphology, axial structure, and lava chemistry along the most plumeinfluenced portion of the western GSC east of 94°W, showing the following: (a) bathymetry (purple-blue, deep;
yellow-red, shallow) from Canales et al. [1997] and Smith and Sandwell [1997], and this study; location of fracture
zone (FZ) at 91°W and propagating rift (PR) at 93.3°W shown for reference. (b) Red line (dashed where
unconstrained by crustal thickness) shows residual mantle swell anomaly (RMSA), that portion of the swell
topography not predicted by crustal thickness variation; RMBA (black line and dots), from Figure 2b, shown for
comparison. (c) Two-way travel time to base of seismic layer 2A (blue) and top of axial magma chamber (red)
from multichannel seismic reflection data (black dots show picks from cross-axis profiles, all other picks are from
along-axis profiles). (d) 3He/4He, (e) H2O8, (f ) Na8, and (g) Ca8/Al8 (note reversed scale), for GSC lavas.
Symbols in Figures 3d –3g are same as in Figure 2. Note that west of 92.7°W the axial high disappears and a
distinct transitional morphology lacking either an axial high or axial valley is present. This change in axial
morphology correlates with significant changes in axial structure (Figure 3c) and lava chemistry (Figures 3d –3g).
The largest residual swell anomaly (Figure 3b), shallowest axial magma chamber (Figure 3c), and peaks in
3
He/4He, H2O, and Na8 (Figures 3d– 3f ) all occur between 91.8°W and 92.25°W near where the Wolf-Darwin
lineament and a second similar seamount chain intersect the GSC. A secondary peak in both residual swell
anomaly and 3He/4He occurs near 91.3°W where a third seamount chain intersects the GSC.
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3 detrick et al.: galápagos plume-ridge interactions

G

depths of 50–100 km [Canales et al., 2002]. We
see no need to invoke additional dynamic topography, unrelated to mantle density variations,
such as those that may be caused by regional
asthenospheric pressure gradients [e.g., Phipps
Morgan et al., 1995; Yale and Phipps Morgan,
1998]. The simplest case of passive mantle upwelling and adiabatic decompression melting requires
only a small increase in mantle potential temperature of 30°C to thicken the crust by 2.3 km, as
observed along the western GSC between 98°W
and 91°W. The density reduction associated with
this increase in mantle temperature, as well as the
increased mantle depletion [Oxburgh and Parmentier, 1977] due to melting, can account for part, but
not all, of the mantle density variation required to
explain the RMBA and excess swell topography.
This excess buoyancy may be caused by melt in
the mantle and/or depletion due to melting of the
upwelling plume far from the ridge axis and the
subsequent transport of this depleted residuum
northward toward the GSC.

10.1029/2002GC000350

thick. Although the variation in magma supply
along the GSC is very gradual, the transition from
one type of topographic regime to another is fairly
abrupt. For example, the appearance of the axial
high near 92.7°W occurs over an along-axis distance of only 20 km (Figure 3a). The development of the axial high correlates remarkably well
with a rapid shoaling of the AMC by >1 km and an
approximate halving of the thickness of seismic
layer 2A from 0.3–0.5 s TWTT (300–500 m) to
0.15–0.35 s TWTT (150–350 m), over the same
along-axis distance. The correlation between AMC
depth and axial topography supports the notion
that axial topography is directly linked to the
thermal structure and thus the strength of the axial
lithosphere [Chen and Morgan, 1990]. The abrupt
changes in both AMC depth and axial morphology,
despite only modest changes in crustal thickness,
support the hypothesis of Phipps Morgan and
Chen [1993] of a threshold effect in which small
changes in magma supply lead to significant
changes in axial thermal structure, magma chamber depth, and axial morphology.

3.2. Depth of Axial Magma Lens,
Thickness of Seismic Layer 2A, and Axial
Morphology

3.3. Seamount Abundance and Magma
Supply-Related Variations in Eruptive Style

[10] At an intermediate spreading-rate ridge like
the GSC, lithospheric thermal structure and its
effect on axial morphology are expected to be
particularly sensitive to small changes in magma
supply. The along-axis variation in crustal thickness (Figure 2c) reveals a systematic change in
magma supply, while the depth at which magma
resides in the crust at the ridge axis (Figure 3c)
constrains thermal gradients in the axial lithosphere. West of 95°W, where a rift valley characterizes the axial morphology, we find the
thinnest crust along the western GSC (5.6–6 km).
Between 95°W and 92.7°W, where axial morphology is transitional, displaying neither an axial
valley nor a topographic high, crustal thickness is
6–7 km and the top of an axial magma chamber
(AMC) is at depths of 2.5–4.25 km (1.0–1.7 twoway travel time (TWTT)). East of 92.7°W, where
the GSC is associated with an axial high, the AMC
is significantly shallower (0.55–0.9 s TWTT or
1.38–2.25 km depth), and the crust is 7–8 km

[11] The number of small seamounts or volcanic
edifices present in the axial zone of the GSC has
been determined using high-resolution multibeam
bathymetric data and a numerical algorithm that
identifies closed, concentric contours that meet
certain shape and height criteria (Figure 2d).
Seamount densities have been calculated using a
maximum likelihood model [Smith and Cann,
1992]. The number of seamounts in the axial zone
decreases significantly as the Galápagos hot spot
is approached, suggesting a change from dominantly point-source to fissure-fed volcanism as
magma supply increases. West of 95.5°W, where
magma supply is lower, the number of seamounts
per unit area (279 ± 16 per 103 km2) is similar to
values observed at the slow-spreading Mid-Atlantic Ridge [Smith and Cann, 1992; Magde and
Smith, 1995]. In contrast, east of 92.7°W, where
magma supply is higher, seamount density (50 ± 9
per 103 km2) is similar to observations at the fastspreading East Pacific Rise [Abers et al., 1988].
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Thus the western GSC displays the same range in
seamount density observed along the global midocean ridge system suggesting that both spreading
rate and magma supply are important factors
controlling the style of constructional volcanism
(point source versus fissure fed eruptions) at
oceanic spreading centers.

3.4. Geochemical Constraints on Source
Composition and Mantle Melting
[12] As the Galápagos hot spot is approached from
the west along the GSC there are systematic
variations in basalt chemistry, first described by
Schilling et al. [1982], that correlate with the geophysical variations described above (Figures 2
and 3). Although sample spacing in this study
(<10 km) is much closer than the 40–50 km by
Schilling et al. [1982], and our samples are more
precisely located on the ridge axis using multibeam
bathymetry, we find a similar long-wavelength
pattern of geochemical variation as reported by
Schilling and colleagues. For example, average
lava Mg # (atomic MgO/(MgO+FeO)) decreases
progressively from west to east with the lowest Mg
# (most fractionated) lavas erupting along the most
plume influenced portion of the ridge (Figure 2e).
This indicates an eastward increase in the degree of
crystallization that correlates with the presence and
shoaling of the AMC. Incompatible elements such
as K2O, TiO2, and H2O all increase along the
western GSC toward the 91°W fracture zone,
indicating the presence of a plume source enriched
in volatiles and other incompatible elements as
described by Schilling et al. [1982].
[13] Variations in ratios of incompatible elements
including K/Ti and Nb/Zr, and isotopes such as
3
He/4He, largely reflect differences in the mantle
source undergoing melting. These ratios therefore
provide information on the relative proportion of
plume-derived versus ambient mantle in GSC
magmas. In this paper, basalts with a K/Ti ratio
<0.09 have been designated as N-MORB; TMORB have 0.09 < K/Ti <0.15, and E-MORB
have K/Ti >0.15. The propagating rift tip at
95.5°W appears to define the western limit of
plume-affected mantle on the basis of variations
in K/Ti (Figure 2f) and Nb/Zr (Figure 2g). West
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of 95.5°W, within the rift valley domain, chemically normal mid-ocean ridge basalt, or N-MORB,
with K/Ti <0.09 is the dominant rock type recovered. In this distal region, which is unaffected by
the Galápagos plume, Nb/Zr is <0.04 and
3
He/4He is close to 7 times atmospheric values
(RA). Between 95.5°W and 92.7°W, K/Ti values
of 0.09–0.15 define compositions that are transitional between N-MORB and incompatible-element enriched basalts or E-MORB. These
transitional basalts (or T-MORB) have Nb/Zr
and 3He/4He (Figure 3d) ratios that generally
increase eastward reaching values of 0.08 and
7.4 RA, respectively, near 92.7°W. East of
92.7°W, E-MORB is dominant, with K/Ti ratios
>0.15, Nb/Zr > 0.09, and 3He/4He >7.5 RA.
Although the Galápagos Islands represent a ‘‘high
3
He/4He’’ hot spot, having 3He/4He ratios up to
30 times the atmospheric values in the western
and southern parts of the archipelago [Graham et
al., 1993; Kurz and Geist, 1999], the highest
3
He/4He ratios observed along the western GSC
are only 8.0–8.1 RA, similar to basalts from many
ridges with no plume influence [Graham, 2002].
[14] Basalt concentrations of incompatible elements such as H2O, Na, Ca, and Al may in part
reflect source composition, but these elements are
also strongly influenced by the partial melting
process [Jacques and Green, 1980; Langmuir et
al., 1992]. East of 92.7°W, incompatible elements H2O8 (Figure 3e) and Na8 (Figure 3f )
(H2O and Na2O corrected for magmatic differentiation to 8 wt% MgO, respectively) show maximum values, and Ca8/Al8 ratios (Figure 3g) are
minimum. This is consistent with the results of
Schilling et al. [1982] and Fisk et al. [1982] who
also report high Na2O, low CaO/Al2O3, and high
H2O along the GSC near 91°–92°W. Although
some of these chemical variations can be accounted
for by increasing incompatible element enrichment
in the mantle source east of 92.7°W, variations in
Na8, and especially Ca8/Al8, are more likely to be
controlled by variations in the extent of melting
than by source compensation. Thus, paradoxically,
the region east of 92.7°W with the thickest crust
and the strongest plume source contribution has
major element compositions (e.g., high Na2O and
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low CaO/Al2O3) that suggest mean extents of
partial melting that are relatively low.

4. Discussion
[15] The regional geophysical, geochemical, and
volcanological correlations observed along the
western GSC clearly reflect the combined effects
of changes in mantle source composition and melt
generation processes on the thickness, composition,
and structure of oceanic crust. The maximum
values in K/Ti (>0.4), Nb/Zr (>0.10), H 2 O8
(>0.5 wt%), 3He/4He (8.1 RA), Na8 (3.2), crustal
thickness (7.9 km), and residual swell anomaly
(300 m), and minima in axial depth (<1700 m),
Ca8/Al8 (<0.7), Mg # (<40), magma chamber depth
(<1.5 km) and residual gravity anomaly ( 25
mGal) all occur between 91.3°W and 92.25°W
indicating a maximum plume influence in this
region. The increased melt production beneath the
most plume-influenced part of the GSC results in a
hotter, weaker axial lithosphere leading to formation of an axial-high morphology, the stabilization
of axial magma chambers at increasingly shallow
crustal depths, and the dominance of fissure-fed
over point-source volcanism.
[16] The increased melt production along the most
plume-influenced part of the GSC can be related to
melting from a larger region of a hydrous, and
otherwise incompatible element-enriched mantle,
with slightly elevated temperature (Figure 4). The
recognition of the importance of water in expanding
the zone of partial melting, leading to enhanced
melt production was first noted in the Galápagos
region by Schilling et al. [1982] and Fisk et al.
[1982] and also in the region around the Azores hot
spot [Schilling et al., 1980; Bonatti, 1990]. By
depressing the solidus [Kushiro, 1968], the presence of excess water increases the depth at which
melting begins and expands the volume of mantle
undergoing melting [Schilling et al., 1980; Plank
and Langmuir, 1992]. We reconcile the association
of increased melt production with lower mean
extents of melting along the most plume-influenced
part of the GSC by noting that the extent of melting
within the expanded zone is likely to be low [Braun
et al., 2000]. Thus the total melt volume close to the
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hot spot has, in addition to the contribution from
normal anhydrous melting, a contribution from a
large volume undergoing low extents of partial
melting. Although the total melt production is
increased, the mean extent of melting for the total
melt volume is reduced. The decrease in the proportion of plume-affected mantle westward along
the GSC results in a progressive decrease in the
amount of low-degree melts derived from the
hydrous melting region and thus a decrease in
crustal thickness and incompatible element enrichment (Figure 4b).
[17] The low 3He/4He ratio of GSC lavas suggests that even the most plume-affected mantle
beneath the GSC has been degassed of its most
volatile components. One explanation of these
low 3He/4He ratios that has been suggested for
other plume-ridge systems [Poreda et al., 1993;
Graham et al., 1999] is a small amount of
melting in the upwelling plume. If this slightly
depleted plume mantle is subsequently transported to the ridge axis and undergoes additional
decompression melting associated with plate
spreading, it will acquire an anomalous chemical
buoyancy that could explain the excess swell
topography observed along the western GSC
(Figure 3b). However, this explanation requires
a mechanism that decouples He from K, H2O and
other incompatible elements enriched in GSC
basalts during plume upwelling, melting, and
lateral transport to the ridge. Alternatively, the
plume material that is present beneath the GSC
may have an inherently low 3He/4He ratio. White
et al. [1993] concluded that the Galápagos plume
is heterogeneous and chemically zoned with distinctive northern, central, and southern components. Graham et al. [1993] and Kurz and Geist
[1999] reported relatively low 3He/4He ratios for
the Wolf-Darwin and Pinta lavas, respectively, in
contrast to Fernandina which has a high 3He/4He
ratio. In this case the low 3 He/ 4 He ratios
observed at the GSC reflect sampling of the
low 3He/4He component of the plume source
and the excess mantle buoyancy observed
beneath the western GSC must arise from another
mechanism, such as melt retention in the mantle.
Additional geochemical and geophysical data
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Approaching Galápagos hotspot
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Figure 4. The geophysical, geochemical, and volcanological correlations observed along the western GSC can be
explained by the combined effects of changes in mantle source composition and melt generation processes on the
thickness, composition, and structure of oceanic crust as Galápagos plume mantle feeds the GSC, and spreads
laterally along the ridge axis. With available geophysical and geochemical constraints, we do not know if the GSC is
sampling a broad, radially spreading plume head or whether there is channelized flow of plume material to and along
the GSC. (a) Isostatic support for the Galápagos swell (DH = 0.7km) comes from variations in crustal thickness (DC =
2.3 km) along the GSC, thermal buoyancy associated with along-axis mantle potential temperature variations (DT =
30°C), and a compositionally buoyant mantle distributed to mantle depths of 50– 100 km (Za). The increased melt
production beneath the plume-influenced part of the GSC results in a hotter, weaker axial lithosphere leading to
formation of an axial high morphology, the stabilization of axial magma chambers at increasingly shallow crustal
depths, and the dominance of fissure-fed over point-source volcanism. Cross-sections for ‘‘normal’’ (distal) and
plume-influenced (proximal) portions of the GSC are shown in Figures 3b and 3c, respectively. Melting from a larger
region of a hydrous, and otherwise incompatible-element-enriched mantle, with slightly elevated temperatures can
explain both the thicker crust, and the increase in K/Ti, Na2O, Nb/Zr, 3He/4He, and H2O content of lavas along the
most plume-influenced part of the GSC. See text for discussion.

from the Galápagos region are required to distinguish between these two alternatives.
[18] The largest residual swell anomaly (Figure 3b),
the shallowest axial magma chamber (Figure 3c),
the highest values of 3He/4He, H2O8, and Na8

(Figures 3d–3f ), and the lowest values of Ca8/
Al8 (Figure 3g) all occur between 91.8°W and
92.25°W near where the Wolf-Darwin lineament
and a second similar seamount chain intersect the
GSC (Figure 3a). A secondary peak in both residual
swell anomaly and 3He/4He occurs near 91.3°W
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where a third seamount chain intersects the GSC.
The anomalies near 92°W coincide with the
approximate location of a maximum in 87Sr/86Sr
and a minimum in 143Nd/144Nd previously reported
by Verma and Schilling [1982] and Verma et al.
[1983]. These geophysical and geochemical
anomalies indicate a strong thermal and chemical
plume influence in this area, supporting the Morgan
[1978] hypothesis of channeling of plume material
to the GSC along the Wolf-Darwin lineament.
However, the association of bathymetric, geochemical, and geophysical anomalies with the intersection of two other small seamount chains with the
GSC (e.g., the peaks in H2O8 and Na8 near 91.8°W,
and in 3He/4He, K/Ti, Nb/Zr and residual swell
depth at 91.3°W) may indicate a more complicated
pattern of plume-ridge interaction with channelized
flow of plume material to the ridge in at least three
different locations between 91.3°W and 92.25°W.
Alternatively, these seamount chains may be lithospheric cracks that are sampling a broad, radially
spreading plume head that is being entrained by
upwelling beneath the GSC. Additional isotope
analyses of basalts from the GSC and these seamount chains and improved geophysical constraints
on mantle properties beneath the GSC and its
southern ridge flank will be required to more fully
understand how the Galápagos plume and ridge are
interacting.

5. Conclusions
[19] The correlated variations in geophysical, geochemical, and volcanological manifestations of
plume-ridge interaction observed along the western
Galápagos Spreading Center can be explained by
the combined effects of changes in mantle temperature and source composition on melt generation
processes, and the consequences of these variations
on magma supply, axial thermal structure, basalt
chemistry, and styles of volcanism. Key elements
of this interpretation include (1) isostatic support
for the Galápagos swell by a combination of crustal
thickening (2.3 km between 98°W and 90.5°W),
thermal buoyancy associated with a comparatively
small along-axis variation in mantle potential temperature (30°C), and a compositionally buoyant,
melt-depleted mantle; (2) melting from a larger
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region of a hydrous, and otherwise incompatibleelement-enriched mantle, with slightly elevated
temperatures, to explain both the thicker crust,
and the increase in K/Ti, Na2O, Nb/Zr, 3He/4He,
and H2O content of lavas along the most plumeinfluenced part of the GSC; and (3) the association
of increased melt production with a hotter, weaker
axial lithosphere leading to formation of an axial
high morphology, the stabilization of axial magma
chambers at increasingly shallow crustal depths,
and the dominance of fissure-fed over point-source
volcanism. Our results document a clear link
between magma supply and variations in axial
morphology, AMC depth and volcanic style that
are largely independent of spreading rate. Along
the western GSC even small changes in magma
supply result in changes in axial thermal structure
that have pronounced effects on axial morphology
and crustal accretion processes.
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